Acquired long QT syndrome (aLQTS) exhibits QT prolongation and Torsades de Pointes ventricular tachycardia triggered by drugs, hypokalaemia, or bradycardia. Sometimes, QTc remains prolonged despite elimination of triggers, suggesting the presence of an underlying genetic substrate. In aLQTS subjects, we assessed the prevalence of mutations in major LQTS genes and their probability of being carriers of a disease-causing genetic variant based on clinical factors.
Introduction
Acquired long QT syndrome (aLQTS) is characterized by QT prolongation and sometimes Torsades de Pointes (TdP) ventricular tachycardia, and is provoked by the presence of QT-prolonging drugs, 1, 2 hypokalaemia, 3 or bradycardia. 4 Culprit agents in aLQTS include many in common use, such as antihistamines, antibiotics, antidepressants, prokinetics, and many others. 1 The importance of aLQTS depends on its two main consequences: the unacceptable risk of sudden death when being medically treated for a non-life-threatening condition, and the implications for new drug development as many potentially useful agents are withdrawn from the market following a small number of cases of TdP. 1 The problem of drug-induced aLQTS has not been solved despite the efforts made by the Food and Drug Administration, 5 -7 including strict non-clinical (S7B) and clinical (ICH E14) tests.
While, in most aLQTS cases, the QT interval returns to normal after the discontinuation of drug or other causative trigger, in some cases it remains prolonged. Partly on this basis, since 1982 8 it had been suggested that aLQTS may share some genetic background with congenital long QT syndrome (cLQTS). 9 -11 In LQTS, 16 disease-causing genes have been identified so far, mostly encoding cardiac ion channel subunits or associated proteins. 12 Individual genetic background could be important, even in the presence of modest QT prolongation, because in association with appropriate triggers, it may favour the life-threatening manifestations of aLQTS. In this international collaborative study, we analysed a cohort of 188 aLQTS cases, assessed the prevalence of mutations in the major LQTS genes when compared with that in 1010 cLQTS probands, and evaluated the association of clinical factors, including QTc, with the probability of aLQTS subjects being carriers of a disease-causing genetic variant.
Methods

Study population
A total of 188 subjects diagnosed with aLQTS were identified at the participating centres in France (n ¼ 20), Italy (n ¼ 21), and Japan (n ¼ 147). Patients were considered symptomatic if they exhibited TdP ventricular tachycardia, pre-syncope, syncope, cardiac arrest, or ventricular fibrillation, or as asymptomatic if they had a prolonged QTc (QT interval corrected for heart rate according to Bazett's formula 13 ≥480 ms) in the presence of proarrhythmic determinants.
QTc measurement
The QTc of aLQTS was measured in the presence and absence ('control QTc') of triggering factors. Control QTc was recorded either before or after an adequate period of time had elapsed from the critical event to allow washout and/or correction of the triggering condition. Depending on the value of control QTc, aLQTS subjects were retrospectively divided into two groups: 'true aLQTS' (QTc ,460 ms in females and ,450 ms in males) or 'unmasked cLQTS' (all non-true aLQTS). Control QTc in aLQTS was also compared with that of 2379 genotyped members (1938 carriers and 441 non-carriers) of 1010 cLQTS (Romano-Ward) families recruited in Japan (n ¼ 435), France (n ¼ 296), and Italy (n ¼ 279).
Genetic analysis
The protocol for genetic analysis was approved by and performed under the guidelines of each institutional Ethics Committee. Written informed consent to participate in the study including consent for the collection and the use of DNA samples for genetic analysis was obtained in each centre. Genomic DNA was isolated from peripheral white blood cells using conventional methods. Genetic screening was performed for KCNQ1, KCNH2, SCN5A, KCNE1, and KCNE2 genes, corresponding to LQT1, LQT2, LQT3, LQT5, and LQT6, in each centre. All index cases were tested; family members were analysed only if the proband had a mutation. We considered as disease-causing those mutations for which a link with LQTS has already been established in previous publications.
In the absence of references, novel variants were included when deemed to be pathogenic or likely pathogenic applying the recently published ACMG guidelines, 14 which are based on criteria using typical types of variant evidence, including frequencies in population data and computational (in silico) predictive programmes. Two KCNH2 novel variants of uncertain significance according to ACMG criteria were included because they had never been described in any control population and both were present in the same subject, making very unlikely that such combined heterozygosity had not contributed to the clinical manifestations. Common polymorphisms and rare variants in accordance with previous reports were excluded. 15, 16 Nevertheless, given its role as a QT modulator and a risk factor in cLQTS and aLQTS, 17, 18 we also examined the frequency of the common variant KCNQ1-D85N.
Scoring system
We developed and assessed the performance of a composite score in predicting the probability of being a mutation carrier. Univariate analyses were first used to derive those demographic/clinical variables shown to be significantly associated with the presence of a disease-causing mutation. Three significant (P , 0.05) variables were identified, i.e. age, QTc, and the presence of symptoms, which were then included in a multivariable logistic regression model with the genetic status [mutation carriers (MCs)/non-mutation carriers (NMCs)] as the dependent variable. These three predictors were treated as dichotomized variables: for age at the critical event, the predefined cut-off was 40 years, the usual time horizon for the exposure to the risk of a first cardiac event in cLQTS; for the QT interval, the cut-off was 440 ms, the traditional limit for ECG-based diagnosis of cLQTS; the third variable was the presence/absence of symptoms at the time of aLQTS diagnosis. The positive presence of each variable was specifically categorized (i.e. age ,40 years; QTc .440 ms; history of cardiac events) conferred 1 point. Thus, the score made up by adding the points for each factor present ranged from 0 to 3 points. We also considered the relative magnitude of the specific contribution of the three predictors and tested in a sensitivity analyses a 'weighted' version of the score. Specifically, points were derived from the final logistic regression model beta-coefficients and were assigned to each factor by dividing each beta coefficient by the smallest beta coefficient in the model and rounding to the nearest integer. Thus, this weighted scoring system assigned 1 point for age ,40 years, 2 points for a QTc .440, and 3 points for a history of symptoms. As a result, each patient received a score ranging from 0 to 6 points. The goal was to identify a simple composite indicator of the probability of the presence of an LQTS mutation, based on features easily available to clinicians.
Statistical analysis
Normal continuous variables, expressed as mean + standard deviation (SD), were compared by an unpaired t-test or by one-way ANOVA. Categorical variables, expressed as numbers and percentages, were analysed by x 2 or Fisher's exact test, as appropriate. Binomial exact 95%
confidence intervals (CIs) were computed to assess the reliability of the estimated proportions of mutation carriers. Multivariable logistic regression analysis was performed to evaluate the independent Genetics in acquired long QT syndrome contribution of demographic and clinical variables to the probability of being mutation carriers among aLQTS individuals. All variables were tested for collinearity to exclude over-correlation with one another. Odds ratios with 95% CI are reported. To assess the discriminating power of the scoring system, i.e. its performance in distinguishing between aLQTS subjects likely to be or not mutation carriers, we used the receiving operator characteristic curve. A value of P , 0.05 was considered statistically significant. SPSS Statistics version 21 (IBM Co, Armonk, NY, USA) was used for computation.
Results
Clinical background of acquired long QT syndrome
The larger aLQTS Japanese subset (n ¼ 147) was not significantly different compared with the Caucasian one (n ¼ 39) in all measured baseline clinical features, with the only exception of a somewhat older age. Among all the 188 aLQTS patients, females (n ¼ 140, 74.5%) were prevalent and the mean age at the critical event was 55 + 20 years. Most subjects (n ¼ 162, 86%) were symptomatic; the remaining 26 (14%) came to medical attention because of a marked QT prolongation associated with secondary factors. These included: drugs (n ¼ 81, Supplementary material online, Table S1), hypokalaemia (serum level ,3.5 mEq/L, n ¼ 42), bradycardia (mostly sick sinus syndrome or atrioventricular block, n ¼ 17), a combination of at least two factors (n ¼ 43), and 'other' factors (n ¼ 5, three Takotsubo cardiomyopathy, one hypothermia, and one subarachnoid haemorrhage). When a distinction was made between drug-induced LQTS and all other causes of aLQTS, the two groups were comparable with respect to almost all baseline characteristics, the only exception being a significantly larger proportion of symptomatic and mutation carriers among those individuals with hypokalaemia, bradycardia, and 'other' factors as aLQTS determinants ( Table 1) . When aLQTS was secondary to hypokalaemia, the mean serum potassium concentration was 2.8 + 0.5 mEq/L.
Latent QT prolongation in acquired long QT syndrome
The mean control QTc of the 188 aLQTS patients was 453 + 39 ms, significantly shorter than that of the 1938 cLQTS MCs (478 + 46 ms, P , 0.001) but longer than that of the 441 NMCs (406 + 26 ms, P , 0.001). This suggests that already in the absence of any triggering factor, there is latent QTc prolongation ( Figure 1 ).
Based on their control QTc, 112 (60%) patients were true aLQTS and 76 (40%) were unmasked cLQTS. Figure 2 shows representative ECGs of one patient of each subgroup. In association with the induced critical event, the QTc of aLQTS patients was dramatically prolonged (591 + 82 ms).
Genetic background in acquired long QT syndrome
Genetic analysis identified 51 carriers of a single LQTS disease-causing mutation and 2 compound heterozygous carriers of genetic variants in different genes (KCNQ1/KCNH2) or in the same gene (KCNH2/ KCNH2). Overall, 53 of the 188 aLQTS cases (28%, 95% CI 22-35) were found to be MCs following accidental exposure to an arrhythmiatriggering factor. A detailed list of all the 47 distinct mutations identified is presented in Supplementary material online, Table S2 . Of these (all previously reported with the exception of 9 novel mutations), 13 were found in KCNQ1, 29 in KCNH2, 3 in SCN5A, 1 in KCNE1, and 1 in KCNE2. Mutations were found regardless of ethnicity, sex, or triggers, but were more frequently found in aLQTS patients diagnosed before age 40 than afterwards (41 vs. 24%, P ¼ 0.03) and in symptomatic than in asymptomatic aLQTS (32 vs. 4%, P ¼ 0.002; The analysis of aLQTS family members identified 56 mutation carriers (37 + 24 years), with a mean QTc of 459 + 36 ms. Of these 56 MCs, 54 (96%) were asymptomatic while 2 females with the R555C mutation in KCNQ1 or the M124T mutation in KCNH2 had cardiac events with prolonged QTc of 628 and 678 ms, respectively, while taking terfenadine or probucol; they had not been diagnosed as 'cLQTS' prior to these cardiac events. 9, 19 Mutations in acquired long QT syndrome and congenital long QT syndrome
To assess the relative frequencies of the LQTS genetic subtypes, we focused on single mutation carriers only, after exclusion of the 55 (2 aLQTS and 53 cLQTS) compound heterozygous MCs. Distribution of the LQTS genetic subtypes differed significantly between aLQTS and cLQTS ( Figure 3A) . Among the 957 cLQTS MCs, KCNQ1 and KCNH2 mutations were found in 477 (50% [95% CI 47 -53%]) and 397 (41% [95% CI 38 -45%]) patients, respectively. In contrast, among the 51 aLQTS individuals, carriers of KCNQ1 mutations (n ¼ 15, 29% [95% CI 17 -44%]) were significantly less frequent than KCNH2 MCs (n ¼ 30, 59% [95% CI 44 -72%]) compared with cLQTS (P , 0.01). The larger proportion of KCNH2 MCs observed in the aLQTS cohort compared with cLQTS was independent of specific ethnic background, as it was comparable in the Japanese and Caucasian subsets [22/35 (63%) and 8/16 (50%), respectively]. It was also present both in the drug-induced LQTS and in the 'other' cause-aLQTS subset ( Table 1) . This overrepresentation of the LQT2 subtype with respect to cLQTS was more evident in true aLQTS than in the unmasked cLQTS subtype in which the percentages of KCNQ1 (38%) and KCNH2 (54%) MCs were intermediate between true aLQTS and cLQTS MCs ( Figure 3B ). The common variant KCNQ1-D85N was found in 10/188 (5%) heterozygous subjects, corresponding to a minor allele frequency of 2.7%. Five of these were also carriers of KCNH2 mutations. No significant difference was observed between aLQTS subjects with or without the D85N variant with respect to all demographic and clinical variables measured, although D85N carriers trended towards a longer control QTc (475 + 38 vs. 452 + 39 ms, P ¼ 0.067) compared with non-carriers. 
A score to predict genetic status
Using a multivariable logistic regression model, age at exposure to proarrhythmic triggers, control QTc measured in the absence of these factors, and a history of symptoms at the time of the critical event were significant and independent predictors for carriers of disease-causing mutations ( Table 3) . Their combination in a summative score ranging from 0 to 3 points allowed identification of individuals in whom genetic screening is more or less likely to reveal an LQTS mutation. The discriminatory power of the score was relatively good (AUC, 0.72, 95% CI 0.64 -0.80, P , 0.001). As shown in Figure 4 , the proportion of aLQTS subjects with a positive genetic result increased linearly (P for trend , 0.001) from 0 to 63% (from 0 to 3 points), where all three factors conferring a higher probability (age ≤40 years, symptoms, and QTc .440 ms) were present. Of the aLQTS patients carrying a mutation, 89% (47 of 53) had a score of 2 or 3 points; from a different and broader perspective, of all the 188 aLQTS subjects none with a score of 0 and only 6 (3%) with a score of 1 had a mutation. The same significant pattern was present when examining separately Japanese and Caucasians ( Figure 5 ).
When in a sort of sensitivity analysis we used a 'weighted' score by assigning 1 point to age ,40 years, 2 points to QTc .440 ms, and 3 points to symptomatic status, the pattern was confirmed (see Supplementary material online, Figure S1 ).
Discussion
The present multicentre study focused on the genetic basis of aLQTS and provides four major findings: (i) the QTc measured in the absence of triggering factors of aLQTS cases is shorter than that of cLQTS patients, but is significantly longer than that of individuals without cLQTS; (ii) 28% of aLQTS subjects have mutations in cLQTS genes; (iii) at variance with cLQTS, the most prevalent mutations in aLQTS are on the KCNH2 gene; and (iv) the QTc measured in the absence of triggers, together with simple clinical parameters, allows identification of aLQTS subjects more likely to .... ...... ...... ...... ..... ...... ...... ...... ...... ...... ...... ...... ..... . 
Table 3
Predictors of the probability of being mutation carriers (MCs) in aLQTS be carriers of LQTS mutations and for whom, therefore, genetic screening is warranted. Even though QTc returns to the normal range once QT-prolonging factors are removed, 20 previous reports observed that QTc sometimes remains prolonged even after withdrawal of culprit drugs 21 or the correction of serum electrolytes. 3 Our study cohort showed that the 'off' trigger QTc of aLQTS was indeed significantly longer than that of unaffected family members of cLQTS patients, in agreement with the concept that aLQTS could represent at least in part a latent genetic predisposition. 8 Our study now demonstrates in a large cohort of aLQTS cases that 30% of these subjects have an underlying mutation in one of the major LQTS-related genes. Even among the 'true aLQTS', i.e. those with normal QT interval outside the triggering episode, 23% had cLQTS-causing mutations and this percentage is much higher than the 6% reported previously. 11, 22 We did consider the possibility that this greater prevalence, which was independent of ethnic background, might be due to the fact that our cohort included subjects whose aLQTS was caused not only by drugs, but also by hypokalaemia or bradycardia. However, this was not the case as the percentage of MCs among the drug-induced aLQTS was already high (23%) and the addition of non-drug-induced MCs increased this percentage. The percentages of LQT1 and LQT2 patients in cLQTS are either similar or show a predominance of LQT1 mutations, 23, 24 which was also the case in the present study. In contrast, in the 'true aLQTS', we observed a significantly lower frequency of LQT1-than LQT2-causing mutations. Even though it is unclear why KCNH2 mutations are more frequently found in aLQTS, it may be relevant that most of these mutations are located in the non-pore regions, usually associated with rather benign phenotypes. 25 There was also a tendency for mutations in KCNE1 and KCNE2 to occur more frequently in aLQTS than in cLQTS. A possible explanation is that b-subunits are accessory proteins which modulate the function of the main a-subunits of the cardiac potassium channels and their altered channel dysfunctions are often benign and not sufficient per se to cause the full blown manifestations of cLQTS. Such considerations are clinically important because, in the absence of triggering factors, most of these mutations remain silent and the subjects appear normal. No mutations were detected in two of three aLQTS patients. This does not necessarily rule out a genetic component, which may yet be identified. A number of rare or common polymorphisms could induce cumulative effects on QTc prolongation, 26 variants. It is therefore tempting to speculate that the synergistic association of several functional polymorphisms could contribute to the genetic background predisposing to aLQTS. The D85N polymorphism, often associated with both cLQTS and aLQTS, 17, 18, 30 was not found in the present study to play any significant role despite a trend for longer QTc among the carriers. The present findings go beyond clarification of the genetic basis for aLQTS because our analysis shows that a score incorporating simple parameters such as QTc, age, and presence/absence of symptoms may provide a useful guide for the clinician, assisting his/her decision-making and allowing cost-effective genetic testing.
Limitations
Genes responsible for the rarer variants of LQTS 12 were not analysed.
Although their probability to cause cLQTS is very low (,1%), we cannot exclude the possibility that some genotype-negative aLQTS patients may have mutations in these genes or in others not yet Figure 5 The percentages of mutation carriers, within each value of the probability score, are similar between Japanese and Caucasian acquired long QT syndrome subjects. The figures of 11 and 13% for a score of 1 correspond approximately at a 3% prevalence of mutation carriers on the total population of acquired long QT syndrome. The number of mutation carriers increases with increasing score values (from 0 in the group with Score 0) and indicates that 89% of mutation carriers (47 of 53) are found within the Scores 2 and 3. Conversely, among the 52 patients with a score of 1, which represent 28% of the entire population, there were six mutation carriers; this means that while within the group with a score of 1, there is an 11% of mutation carriers, when looking at the entire population this percentage drops to 3%. This would be the percentage of mutation carriers missed if genetic screening would be limited to the groups with a score of 2 and 3.
identified. Our score lacks external or internal cross-validation and therefore it should be considered as a preliminary tool. However, the three variables used are well-known risk factors for arrhythmias in cLQTS, and their dichotomization was performed at traditional clinically based LQTS cut-offs, thus limiting the potential bias.
Conclusion
In clinical practice, greater attention should be paid to even mild prolongation of the QT interval because this could represent a signal of potential risk of manifestation of aLQTS if exposed to the appropriate triggers. Some individuals initially labelled as aLQTS are diagnosed as cLQTS ('unmasked cLQTS') following the lack of QT normalization after removal of the trigger, and should be treated as such. Evidence of a genetic predisposition often present in aLQTS justifies and recommends a genetic study in all patients with a score of 2 or 3, where one finds almost 90% of the mutation carriers. While screening those with a score of 0 is unlikely to be useful, not to screen those with 1 point would miss only 3% of the subjects carrying a mutation within the entire aLQTS population and would be more debatable. Having identified the predisposing mutation in the proband, 'cascade screening' in their families will rapidly and inexpensively identify additional mutation carriers and prevent avoidable risks of life-threatening arrhythmias.
